OBJECTIVE: To study the usefulness of a mathematical index for assessing changes in body composition of obese children and adolescents who undergo a weight control program. DESIGN: A short-term longitudinal (mean of 19 months) cohort study. SUBJECTS: Sixty-seven obese children and adolescents (38 M, 29 F, age 6 ± 16 (mean 11) y) who took part in a clinicbased weight control program. MEASUREMENTS: Percentage body fat was assessed at the start of the program by underwater weighing (UWW) and by bioelectrical impedance (BIA). Response to the program was assessed by a mathematical index (MI), based on observed and expected changes in height and weight, and by changes in percentage fat as measured by BIA. RESULTS: Adiposity, as assessed by BIA at the start of the program, was highly correlated to that obtained by UWW (r 0.96 for fat-free mass). Changes in the MI over the program were correlated fairly well (r 7 0.81, SEE 3.57 kg) with changes in percentage fat as assessed by BIA. CONCLUSION: Using change in BIA as criterion, the MI is valid for assessing changes in percentage body fat of obese children and adolescents over time. This index is of use to clinicians who lack body composition equipment and need a quick method to analyze the effectiveness of a weight control program in obese children and adolescents.
Introduction
Obesity is becoming a worldwide concern, affecting all levels of society in developed nations and among residents of countries previously believed to be poor. 1, 2 In the United States, juvenile obesity has increased substantially over the last 20 y according to the ®rst, second and third National Health and Nutrition Examination Surveys (NHANES) in children aged 6 ± 17 y. In the third NHANES report (1988 to 1994), 11% of children and adolescents were overweight (body mass index (BMI) greater than 95th percentile of the reference values for age and sex), and another 14% were at risk of becoming overweight (BMI between the 85th and 95th percentile of the reference values for age and sex). 3, 4 Measuring body composition is an effective tool for determining success of and compliance with a weight control program in growing children and adolescents. 5 Weight and height alone, or BMI, do not accurately re¯ect changes in body fat because of the growthrelated increase in the individual's bone and muscle mass. 6 Laboratory-based methods have been developed that have a higher validity for measuring changes in body compartments, such as underwater weighing (UWW), bioelectrical impedance (BIA) and skinfolds. However, UWW and BIA lack practicality in the clinical setting because of the cost, equipment, lack of portability and technical expertise that is required. 7 Several studies have shown that skinfolds are not appropriate for assessing the body fat of the obese, 8, 9 and the formulae used have not been validated in obese subjects. 10 UWW is often considered the gold standard for adults. 11 Studies to validate body composition methods in growing children are limited 9 and particularly with obese subjects, 12 but much of the past pediatric research has been based on UWW, and most body assessment techniques have been validated against this procedure. 13 Neither UWW nor BIA are readily available in most clinical settings. A need arises therefore to develop an alternative method that is practical, quick and valid.
Thus the purpose of this study was to validate a mathematical index (MI), based on observed and expected changes in height and weight, against changes in BIA. This was preceded by validation of BIA against UWW.
Subjects and methods

Subjects
All subjects attended an obesity treatment program at the Children's Exercise And Nutrition Centre in Hamilton, Ontario, Canada during 1989 ± 1997. This education and behavioral modi®cation program recommends moderate daily exercise and a daily intake that provides energy adequate for growth and development based on Canada's Food Guide To Healthy Eating. 14 Participation in the program ranged from 12 to 24 months (mean 19 months). Obese subjects with concurrent medical conditions (spina bi®da, cerebral palsy, muscular dystrophy, bulimia nervosa), genetic disorders of obesity (Prader ± Willi, Fragile X Syndrome) or on medications that may alter body composition were excluded from the study. Obesity was de®ned as BMI greater than the 95th percentile of the reference values for age and sex. 15 Sixty-seven Caucasian children were eligible for the study (29 girls and 38 boys). The range of ages when ®rst seen was 6 ± 16 y (mean 11).
Body composition
Height, weight and BIA were taken on two separate occasions with a mean of 19 months between the two clinic visits within the weight control program. UWW was taken at the start of the program on 56 of the subjects, as a means of validating the BIA. The standing height was measured in stocking feet on a Harpenden Stadiometer (London) with a precision of 0.1 cm. Weight was measured to the nearest 10 g in a standard hospital gown or T-shirt and shorts, using an Ancaster electronic scale (Brantford, Ontario).
BIA was performed using a body composition analyzer, BIA-101A (RJL Systems Inc., Detroit MI) with a right-sided four surface electrode placement as previously described. 7 Equations were based on the Houtkooper body composition formulae adjusted for children. 16 Underwater weighing was performed in a square pool 1.3 m deep with water temperature maintained at 31 ± 33 C. The subject was seat-belted into a PVC plastic chair which had 13 kg of weight attached to the underside to prevent¯oatation. The chair was suspended from a Lebow Tension and Compression Load Cell (Lebow Associates Inc., Troy, Michigan). The depth of the chair in the water was adjusted so that the water level was just below the upright subject's lower jaw. Once the subject was in the water and prior to entering the chair, the strain gauge (chair attached) was calibrated with zero and known weights. Residual lung volume was measured at the time of underwater weighing using the helium dilution technique (P.K. Morgan model TLC, England). The procedure involved subjects breathing from a Hans Rudolph Sliding-Type Pneumatic Directional valve (Hans Rudolph, Kansas MO), leaning forward and down to ensure the head and shoulders were completely submerged. Following a command by the experimenter, the subject made a maximal inhalation and exhalation, holding his or her breath at maximal exhalation for 3 s. At the end of maximal exhalation the Hans Rudolph valve was switched over to the helium dilution apparatus. The subject was weighed 30 times during the 3 s, and the computer program discarded the ®ve highest and ®ve lowest weights. Thus, the underwater weight was estimated from the mean of 20 weights. At the end of the 3 s breath hold, subjects were instructed to sit upright in the chair and continue breathing through the mouthpiece, to complete residual volume equilibration. Body density was calculated using the equations of Lohman corrected for age, gender, 17 residual volume and estimated gastrointestinal gas content. 6 Each subject performed the underwater weighing procedure three to four times and the best measurement, evaluated as a replicate value or the best technical performance, was selected. High test ± retest correlations had been previously shown in our laboratory for BIA (0.97) and UWW (0.98) with 16 subjects (unpublished data). All measurements were taken by one of two technicians who were trained in anthropometry and body composition methods.
Mathematical index (MI)
This index is a measure based on observed (obs) and expected (exp) changes in body weight (Wt) and height (Ht) as per the following equation:
The expected values are derived from the US National Center of Health Statistics 18,19 growth charts. If the computed value is positive, the individual has slimmed down and conversely he has gained excessive weight if the value is negative. For example, a 13 y-old boy weighs 59 kg (90th percentile for age and sex) and has a height of 156 cm (50th percentile for age and sex). Over one month, he is expected to increase 1 kg in weight and grow 1 cm in height (based on the growth chart). If over a 1 month period he gains 0.5 kg in weight and 1 cm in height, he would have a positive value of 5 points. This positive value suggests that, although his weight has increased, he has slimmed down.
Statistical analysis
Results are expressed as meansAE s.d. Pearson product ± moment correlation coef®cients were calculated to determine the association between body composition measures. Linear regression was calculated with standard error of the estimate (SEE). A probability of 0.05 was used to de®ne signi®cance in all statistical analyses. A Bland ± Altman graph was plotted as a further means of validating the BIA measure. 20 Practical assessment of weight control L Gillis et al
Results
The mean values, standard deviations and ranges for age, weight, height, percentage fat by UWW and BIA at the ®rst visit are presented in Table 1 . Response to the program varied considerably among the patients, as determined by changes in percentage fat using BIA ( 7 2.0 AE 6.0, range 7 24.1 to 24.1).
Fat-free mass at the ®rst visit as predicted by BIA was highly correlated with that estimated by UWW (r 0.96, P`0.0001) with a SEE of 3.20 kg, as shown in Figure 1 . Based on the Bland ± Altman graph (Figure 2 ), the two methods gave good estimates across all levels of fat-free mass. The mean line was fairly close to zero and the scatter of points was balanced between the positive and negative. MI values were inversely correlated with changes in percentage body fat as assessed by BIA (r 7 0.81, P`0.0001, SEE 3.57 kg) (Figure 3) . A change of 10 units of the MI was equal to 0.6% loss of body fat as determined by BIA.
Discussion
This study is not meant to offer a new research tool for determining body composition. It is designed rather to describe and validate a practical approach for the clinical evaluation of the effectiveness of weight control programs in juvenile obesity. Our main ®nding is that a mathematical index, based on observed and expected changes in height and weight, is fairly well correlated with corresponding changes in body fat as measured by BIA among obese children and adolescents who have undergone a 12 ± 24 month weight management, clinic-based program. We further noted that our BIA method was valid for the assessment of percentage fat in our subjects.
Analyzing change over time as opposed to a single measurement produces a larger error as there is a dependence on two imperfect measures, the error from which may be additive. There are no studies with children that have addressed the methodology for assessing intervention-related changes in body composition. Studies with adults that have validated BIA against UWW or deuterium oxide dilution were based on subjects who consumed low or very low calorie diets (eg 520 ± 1200 kcal per day) over short time periods such as 2 days to 25 weeks. 21 ± 24 The accuracy of body composition methods during periods of substantial weight loss, greater than 1.2 kg of body weight lost per week, remains controversial because of the changes in body water due to semi-starvation. 22 These adult-related studies are not directly comparable to ours because very low calorie diets that cause substantial weight loss are not suitable for pediatric populations due to potential harm to growth and development. 5 Furthermore, the weight change of the subjects in our study occurred over a longer time period.
There are several weight-for-stature indices that have been developed such as the ponderal index or Practical assessment of weight control L Gillis et al body mass index. Although these are as easy as the MI to perform, they ignore expected changes in children and adolescents during periods of growth. Secondly, they are correlated with height and thus do not give valid measures of tall children and those that reach early maturity. 7, 9 In contrast, the MI is based on expected changes in height and weight. Although most healthy children grow along their expected growth curves, 7 if a child deviates from his or her curve, the MI will give an inaccurate value and will not be a true re¯ection of the amount of fat lost or gained. UWW, BIA and MI are only valid when accurate height and weight measurements are performed. It is particularly important when calculating the MI that the height and weight measurements are reliable and precise, as the index is based only on these measurements.
Studies that have validated BIA in children and adolescents have used mostly nonobese subjects (13 ± 24% fat). 16,25 ± 28 Houtkooper et al, 16 who used the same equations as in our study, found a signi®cant correlation between fat-free body mass as determined by body water from deuterium water space and BIA (r 0.94) with an SEE of 2.60 kg. It has been determined in children that the average error of lean body mass between BIA and UWW is 2 kg but the errors can range from 1.07 to 4.08 kg depending on the equations and sample used. 13 In our group of obese children and adolescents the SEE was 3.20 kg. This greater error may be due to an overestimation of lean body mass in markedly obese subjects, 21 ,29 ± 31 which may re¯ect a high extracellular water volume. Alternatively, it may be that in the obese a greater proportion of body mass and body water is accounted for by the trunk in relation to the extremities. The trunk contributes less than the limbs in BIA calculations. 32 Segal et al 30 studied 1567 adults ages 17 ± 62 y with a range of body fat of 3 ± 56%. When equations derived speci®cally for obese people were used (instead of those derived for the general population) for their male subjects with greater than 20% body fat, the correlation coef®cient increased from 0.90 to 0.94, and the SEE decreased from 3.62 to 2.84. A similar improvement was seen in the female subjects with greater than 30% body fat, when equations for obese subjects were used. Equations for obese children and adolescents have been utilized in a few studies. 12, 33, 34 For example, Wabitsch et al 12 developed equations for the prediction of total body water from BIA in young obese subjects before and after weight loss. They used a multiple regression analysis with forward stepwise selection of the independent variables including the waist-to-hip ratio. Their equations were a modi®cation of those used by Davies et al 35 for nonobese children. The correlation coef®cient (r 2 ) improved from 0.92 to 0.96 when the new prediction equations were utilized. Bedogni et al 34 also developed equations for predicting total body water and extracellular water in obese children. There was a variance of 13% in obese subjects compared to 2% in lean subjects when only weight was used as a predictor of total body water. There is, therefore, a need to further develop and cross-validate BIA-based predication equations speci®cally suitable for obese children and adolescents.
There are assumptions made with all the measures used to assess body composition in this study, and errors can occur because of body position, hydration status, food intake and exercise. 36, 37 There are also assumptions that apply particularly when used with children and adolescents. For example, UWW is based on the assumption that the densities of fat and fat-free mass are constant in individuals. This is not always true with children and adolescents as fat-free density varies greatly during growth due to alterations in bone mineral content and body water distribution. 6 One limitation of the present study was that we did not evaluate the maturity level of the children and a broad range of ages of participants was used. The equations that we used for UWW were based on 2 y age increments and thus may have accounted only in part to the variation due to growth. BIA values are also affected by changes during maturation. 36 The equations used for our study were based on Houtkooper et al 16 for males and females aged 10 ± 14 y even though the age range of our subjects was 6 ± 16 y. Thus the results might have been different had a similar age range been used to that included in the Houtkooper equations.
In conclusion, the MI was found to be fairly well correlated with changes in BIA. This assessment tool is inexpensive, easy to administer in a clinic or school and will help demonstrate progress to young patients when they are making changes in their nutrition and activity patterns.
